We present measurements of the temperature and field dependencies of the magnetization M͑T , H͒ of NdFeAsO 0.94 F 0.06 at fields up to 33 T to probe the coexistence of superconductivity with global antiferromagnetic ordering. Although M͑T , H͒ at 48Ͻ T Ͻ 140 K exhibits a clear Curie-Weiss temperature dependence corresponding to the Neel temperature T N Ϸ 11-12 K, the behavior of M͑T , H͒ below T c is only consistent with either paramagnetism of weakly interacting magnetic moments or perhaps a spin-glass state. We show that the anomalous magnetic behavior of the high-field paramagnetic superconductor NdFeAs͑O 1−x F x ͒ is mostly determined by the magnetic Nd 3+ ions, which rules out intrinsic long-range antiferromagnetism on the FeAs plane in the superconducting state.
I. INTRODUCTION
The recently discovered superconducting oxypnictides 1 exhibit a coexistence of high critical temperatures T c Ӎ 26-57 K with strong antiferromagnetic ͑AF͒ correlations and extremely high upper critical fields. 2 Neutron, 3,4 SR, 5, 6 and NMR ͑Refs. 7 and 8͒ studies of undoped parent compounds have revealed a spin-density wave instability on FeAs planes at T N Ӎ 140-150 K accompanied by a drop in the normal-state resistivity ͑T͒, and orthorhombic distortions of the tetragonal lattice. 9 Doping with F or O reduces T N and seemingly eliminates manifestations of these transitions in ͑T͒ of optimally doped oxypnictides. 10, 11 Yet an unresolved question remains if magnetic correlations can provide a global AF order at lower temperatures in the superconducting state, which would be important for distinguishing between different pairing mechanisms. [12] [13] [14] [15] [16] However, detecting any putative AF state below T c by standard measurements of low-field magnetization M͑T , H͒ is very difficult because the AF response would be screened by the superconducting vortex state. This problem can be resolved by applying high magnetic fields which both weaken the superconducting response and enhance the paramagnetic magnetization. Moreover, high fields can destroy antiferromagnetism, resulting in distinctive cusps in the susceptibility ͑H , T͒ and jump wise spin-flip transitions. Such behavior of ͑H , T͒ would reveal any global AF state with the Neel temperature T N Շ B H / k B , where B is the Bohr magneton. In this paper we search for manifestations of the field-induced breakdown of a global AF state in NdFeAs͑O 0.94 F 0.06 ͒, reporting measurements of M͑T , H͒ at high fields up to 33 T, which can destroy AF states with T N Շ 22 K.
Our measurements of M͑T , H͒ in a wide range of fields 0 Ͻ H Ͻ 33 T and temperatures 4.2Ͻ T Ͻ 140 K have shown a strong paramagnetic contribution to M͑T , H͒ both at T Ͼ T c and T Ͻ T c . In the normal state M͑T͒ exhibits CurieWeiss behavior with an apparent Neel temperature T N Ӎ 11-12 K, which might suggest the coexistence of superconductivity and antiferromagnetism. However, M͑T , H͒ at T Ͻ T c turns out to be inconsistent with long-range AF order, indicating that superconductivity effectively cuts off the AF correlations evident at T Ͼ T c . In that respect NdFeAs͑O 1−x F x ͒ may be regarded as a paramagnetic superconductor similar to Nd 
II. SAMPLES
The NdFeAs͑O 0.94 F 0.06 ͒ polycrystalline samples were made as described previously. 19 The sample with approximate dimensions of 1.4ϫ 1 ϫ 0.5 mm 3 , volume V Ϸ 0.7 mm −3 , and weight Ϸ4.5 mg had ͑T c ͒ Ϸ 0.53 m⍀ cm, T c Ϸ 49 K, and about 90% of the theoretical density, 7.21 g / cm 3 . The susceptibility ͑T , H͒ and magnetic moment M͑T , H͒V were measured by a superconducting quantum interference device ͑SQUID͒ magnetometer, vibrating sample magnetometers ͑VSMs͒ in a 14 T superconducting magnet, and a resistive 33 T dc magnet at the National High Magnetic Field Laboratory. Shown in Figs. 1 and 2 are the zero-field cooled ͑ZFC͒ and field cooled ͑FC͒ M͑T͒ curves, which change radically upon increasing field. For H = 10 mT, M͑T͒ exhibits a standard superconducting behavior with diamagnetic onset close to T c . However, increasing field to only 0.5 T shrinks the irreversible diamagnetic loop while significantly increasing the paramagnetic component of M͑H͒. Further increase in H to 1.5 T practically eliminates the difference between the ZFC and FC curves, resulting in a strong paramagnetic behavior shown in more detail in Fig. 2 .
III. PARAMAGNETIC RESPONSE
To gain an insight into the nature of the paramagnetic signal not masked by superconductivity, the magnetic mo-ment M͑T , H͒ was measured from 55 to 140 K. The results presented in Fig. 3 show the classic AF Curie-Weiss behavior, M −1 ϰ T + T m with T m Ϸ 11-12 K being practically independent of H at 0 Ͻ B Ͻ 5 T. Such temperature dependence of M͑T , H͒ suggests AF ordering at T N Ӎ T m , below the superconducting transition, and a coexistence of superconductivity and antiferromagnetism. To see if this is indeed the case, we measured M͑T , H͒ below T c at high magnetic fields so as to suppress the magnetization due to pinned vortices and to probe M͑T , H͒ in the superconducting state at fields sufficient to destroy this putative AF state.
Shown in Fig. 4͑a͒ is the M͑H͒ loop at 4.2 K. One can clearly see a superconducting hysteresis loop on top of a strongly paramagnetic, field-dependent background. Taking the mean value of the two branches of M͑B͒ as the paramagnetic magnetization M p = ͑M ↑ + M ↓ ͒ / 2 added to the small reversible magnetization of the vortex lattice, we define the magnetization ⌬M = M ↑ − M ↓ due to the critical state of pinned vortices. Using the Bean model, 20 we estimate the global critical current density J c ͑4.2 K͒ϳ10 kA/ cm 2 at self field, taking the sample dimensions as length scales of magnetization current loops. Shown in Fig. 4͑b͒ is M͑H , T͒ measured at higher fields up to 33 T and different temperatures. Here M͑4.2 K , H͒ saturates above 15 T while M͑T , H͒ for higher temperatures increases very slowly as H increases. The width of the superconducting loop decreases as T and H increase, consistent with the usual behavior of J c ͑H , T͒.
To understand the observed M p ͑T , H͒ and the AF breakdown by magnetic field, we used the mean-field theory in which two magnetic sublattices with magnetizations M 1 and M 2 are controlled by the self-consistent fields H 1 = H + aM 1 − bM 2 and H 2 = H + aM 2 − bM 1 , where the Weiss constants a and b quantify the exchange interaction with these sublattices. 18 The self-consistency equations, 
describes the data in Fig. 3 well, allowing us to estimate the density n of magnetic moments , which can provide the observed . Taking 0 = n 2 / 3T m =1/ 395 from the inset of Fig. 3, T BaCuO 5 , for which the crystal-field splitting varies from 100 to 700 K. 21 As a result, the paramagnetism of Nd 3+ ions at T Ͻ 100 K is determined by smaller effective moments for the Kramers doublets.
IV. MODEL OF ANTIFERROMAGNETIC SPIN FLIP TRANSITIONS
We consider breakdown of AF by strong fields, assuming that the orbital degrees of freedom of Nd 3+ are frozen by the crystalline field, and only spin degrees of freedom contribute to M. In this case the mean-field equations, 2M 1 = M 0 tanh͑H 1 / T͒ and 2M 2 = M 0 tanh͑H 2 / T͒ can be written to the following parametric form: One can immediately see a very different behavior of the mean-field M͑H͒ as compared to the observed M p ͑H͒. Indeed, all M p ͑H͒ curves exhibit downward curvatures and can be described well by the Brillouin function M = M 0 tanh͑H / T͒ with M 0 = n, = ͑0.67-0.85͒ B , and n = ͑2-3͒ ϫ 10 22 cm −3 ͑the full set of fit parameters is given in the caption of Fig. 4͒ . These values of n are about two times higher than the density of Nd 3+ in NdFeAs͑O,F͒, consistent with the crystal-field splitting of the 4 I 9/2 ground term of Nd 3+ into different Kramers doublets with reduced moments similar to those for many Nd-based compounds. 21 Yet M p ͑H͒ shows no signs of long-range AF behavior below T c , such as and ␥ = 0.5 in Eq. ͑5͒, we obtain the AF breakdown field H p Ӎ 16 T at T = 4.2 K. However, M͑H͒ in Fig. 4͑a͒ exhibits neither the downward curvature nor metamagnetic transitions characteristic of the mean-field behavior of M͑H͒ at H Ͻ H p while the data in Fig. 4͑b͒ exhibit no sign of this behavior on a greater magnetic-field scale either. Therefore, long-range AF ordering in the temperature range of our measurements 4.2Ͻ T Ͻ T c is inconsistent with our data, in agreement with recent neutron powder-diffraction measurements. 22 At the same time, the Brillouin function for noninteracting spins gives a good description of the observed behavior of M͑T , H͒ at T Ͻ T c , particularly the saturation of M͑H͒ at higher H and the decreasing low-field slope of M͑T͒ϳ 2 nH / T as T increases. In polycrystals M͑T , H͒ should be averaged with respect to randomly oriented easy magnetization directions. In this case = ʈ / 3+2 Ќ / 3, where
If the in-plane AF structure is present, one can expect suppression of the AF state and local metamagnetic transitions at lower T in the grains for which the in-plane field component exceeds H p . Also, out-of-plane spin-flip transitions may occur if the perpendicular field component exceeds H c = ͓2K / ͑ Ќ − ʈ ͔͒ 1/2 , where K is the energy of magnetic anisotropy. 18 We have observed no evidences of such transitions.
V. DISCUSSION
Based on the results presented above, we conclude that the observed M͑H͒ is likely due to paramagnetism of Nd 3+ ions controlled by exchange interactions along the NdO planes and out-of-plane Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ interactions through the AsFe planes. These interactions could provide an AF order below T N = T m / ␥ ϳ 10-20 K with ␥ Ͻ 1. However, the superconducting transition at T c Ͼ T N on the AsFe planes sandwiched between NdO planes cuts off the out-of-plane interactions 23 of Nd 3+ , reducing T N of single Nd planes below the minimum temperature of our measurements. Since the paramagnetism of our sample is only comparable with the atomic density of Nd ions, the decisive effect of magnetic second phases such as Nd 2 O 3 , Fe 2 As, FeAs, and FeAs 2 can be ruled out. Indeed, scanning electron microscopy and transmission electron microscopy of our samples have shown that these phases amount to less than 10%, 24 well below what is required to explain the data. Nevertheless, we have measured the magnetic moment m͑H͒ of Nd 2 O 3 at low T and compared it to m͑H͒ for NdFeAs͑O,F͒, normalizing both m͑H͒ per single Nd ion. The m͑H͒ curve for Nd 2 O 3 fits right between the upper and lower branches of m͑H͒ for NdFeAs͑O,F͒, as shown in Fig. 5 25 cannot therefore change the behavior of M͑H͒ at 4 Ͻ T Ͻ 50 K.
Our high-field data not only show that Nd ӷ Fe but more importantly that there is no coexistence of superconductivity and long-range AF order on the FeAs planes, at least above 4.2 K. Such long-range AF order is only possible if either T N Ͻ 4 K, or H p Ͼ H m = 33 T, the latter implying T N is much greater than T N defined by the condition H p ͑T͒ = H m for a given temperature T. For = 0.25 B , 4 T =20 K ͓the bottom curve in Fig. 4͑b͔͒ , and ␥ = 0.5, Eq. ͑5͒ thus gives T N ӷ 21 K. Another possibility is a spin glass, given that M͑H͒, similar to what is shown in Fig. 4 , has been observed on some metallic glasses on a much smaller field scale. 26 The spin glass could result from Nd 3+ or Fe 2+ AF clusters which may also contribute to the fractional moment Ͻ B .
In conclusion, doped NdFeAs͑O,F͒ can be regarded as a paramagnetic superconductor in which magnetization is dominated by the Curie-Weiss paramagnetism of Nd 3+ . Our high-field magnetization measurements have revealed no signs of long-range antiferromagnetic order of either Nd 3+ or Fe 2+ below T c despite noticeable antiferromagnetic correlations above T c .
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